To perform a meta-analysis of genome-wide linkage scans using body mass index (BMI) to identify genetic loci predisposing to obesity. DATA: A total of 13 published genome scans on obesity have used BMI as their primary end point. Five of these 13 groups agreed to provide detailed results from their scans that were required for a meta-analysis. Collectively, these five studies included a total of 2814 individuals from 505 families. METHODS: The results of the five studies were analysed using the GSMA (genome scans meta-analysis) method. RESULTS: The analysis revealed significant evidence for linkage of the quantitative phenotype BMI to 8p (Po0.0005).
Introduction
Obesity (MIM 601665) is a condition characterised by excessive fat accumulation that affects an estimated 300 million adults worldwide. 1 Obesity is associated with increased morbidity from chronic diseases such as type 2 diabetes, gallbladder disease, hypertension, coronary heart disease and cancer, and is believed to be the second highest indirect cause of death after cigarette smoking. 2, 3 The heritability of body mass index (BMI) and fat mass, two commonly used markers of obesity, is estimated to be between 25-40%. 4 Suggestive evidence for quantitative trait loci (QTL) influencing variation in obesity-related traits, defined as an LOD 41.9 5 has been reported on every chromosome except 21 and Y. 6 However, few significant linkage reports have been replicated. Replication and confirmation of scientific findings is essential to enable firm conclusions to be drawn. Combining the results of many studies through meta-analysis can aid the assessment of the consistency of evidence for linkage. 7 One such approach is the genome scans meta-analysis (GSMA) method, 8, 9 which pools linkage results across studies by considering the genome to be made up of distinct bins of approximately equal length. The evidence for linkage is assessed within specified chromosomal regions by considering the ranked results for each study in each bin.
The GSMA was designed to deal with variation in study designs, analysis methods and marker densities used in different genome scans. The method requires only that each study report LOD scores by chromosomal position; no original genotypes or family data are required. Its power is optimal detecting effects observed across a large number of studies rather than effects present in just a few families or samples.
Methods and data
We identified a total of 29 published genome-wide scans for linkage to obesity and/or related phenotypes (eg, body mass index, serum leptin levels, waist circumference, etc.) published before July 2003. These studies were identified through a PubMed search (searching for terms, 'obesity', 'genomewide' or 'genome-wide', 'linkage') and through recent reviews of the literature. 4, 6, 10 Of these studies, 13
analysed BMI as a quantitative trait. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] We chose to focus on only those studies reporting a quantitative analysis of BMI in order to reduce some of the heterogeneity due to the diverse study designs and analyses. An e-mail requesting access to the detailed results required for the meta-analysis (ie, LOD score for each chromosomal position along the genome) was sent to the corresponding author for each of these studies. The e-mail request was sent out on three different occasions over a period of three months. There were five positive responses out of the 13 published genome scans 11, 12, 15, 19, 20 Results from these five studies were then jointly studied for meta-analysis. All five studies used a variance component approach for evaluating evidence for linkage to BMI. These studies analysed BMI adjusted for specific covariates, and these covariates were not the same in every study. All studies adjusted BMI for age. In addition to allowing for the covariate age, one study 20 originally recruited for the Amish Family Diabetes Study in 1995. Probands were ascertained for type 2 diabetes and they and their family members over 18 y of age were invited to participate in the study. The prevalence of diabetes in the sample was 8.7% in male and 12.8% in female subjects and the mean BMI was 26.4 (3.7) kg/m 2 in male and 27.9 (5.4) kg/m 2 in female subjects.
Meta-analysis was performed using the genome scans meta-analysis (GSMA). 8, 9 A major benefit of the GSMA method is the ability to pool results across studies that have different ascertainment schemes and study designs. 25 In our This bin size has been found optimal as it maximises correlation within and reduces correlation across bins. 9 The linkage results supplied from each genome scan included markers names, their relative positions on the chromosome and the LOD scores computed at each 1 cM interval. To ensure that the same markers across all of the scans were allocated to the same bins, the absolute location corresponding to each LOD score was required. The absolute location of the first and last markers used in each scan was obtained from the Marshfield Map website. 26 The absolute locations of the remaining markers were determined by scaling the relative positions according to the absolute locations of the first and last markers. LOD scores at each position were allocated to one of 121 bins depending on the map position corresponding to the LOD score. For each scan, the bins were then sorted according to the maximum LOD score in that bin, and ranks were then assigned with the lowest rank assigned to the bin with the highest LOD score. When ties were observed (ie, when the maximum LOD score was identical for multiple bins), an average rank was calculated and allocated to all the relevant bins. Within each study, the ranks were subsequently weighted according to the number of genotyped individuals, N, in the sample. This entailed multiplying each rank within a study by ON. Av rank on an individual bin basis were estimated subject to the Bonferroni correction (each bin was assumed to be an independent test). Table 2 Within studies ranks, average weighted rank and overall place (in the order of bins by average weighted ranks) for all bins in each study is displayed. The within studies ranks have been grouped (see key) to illustrate, in a broad sense, the distribution of high and low ranks across all scans for each bin Meta-analysis of genome-wide BMI scans L Johnson et al all five scans, whereas bin 8.2, the second best rank, was ranked between 1 and 40 in just three scans. Figure 1 
Results

Discussion
It is important to note that three of the five studies in this meta-analysis did not originally present any suggestive evidence of linkage of BMI to chromosome 8.
12,15,20 Figure   2 highlights the supporting evidence for linkage of BMI to bin 8.1; four out of the five scans have weighted ranks below 500. Some of the highest LOD scores in the scans by Deng et al 12 and Perola et al 20 occurred on chromosome 8. This was not obvious from the data reported in the original studies. Table 3 shows the evidence of linkage to BMI identified by all of the papers eligible for the meta-analysis. Of the 13 scans, three identified evidence of the linkage of BMI to chromosome 8. 11, 19, 21 Two of the three studies were included in this meta-analysis. In contrast, it can be seen that five studies found significant or suggestive linkage to chromosome 7. 11, 13, 17, 21, 22 The evidence from just one of these studies was included in the meta-analysis. 11 Had all of the eligible analyses been included, it is possible that another chromosomal region may show stronger evidence for linkage than 8p. This does not invalidate the results found in this reported analysis. However, a strong publication bias (where research that produced negative or insignificant results is less likely to be published) would undermine any meta-analysis based on published data only. In the studies included in this meta-analysis supporting evidence for the linkage of obesity to chromosome 8 was found by only one, 12 in which suggestive evidence of linkage for fat mass (FM) (LOD ¼ 1.95) is observed on chromosome 8p22. Outside of the studies eligible for the meta-analysis, evidence for suggestive linkage (LOD 41.9) of BMI to chromosome 8 can be found in three genome-wide scans. [27] [28] [29] In addition, support for the linkage of obesityrelated phenotypes such as %Fat 17 and abdominal subcutaneous fat (ASF) 30 to chromosome 8 can be found in other genome-wide scans. Table 4 summarises the evidence from other genome-wide scans for the linkage of obesity to chromosome 8.
Further to the evidence outlined in Table 4 , another study 31 supports the linkage of an additional obesity-related phenotype, leptin, to chromosome 8 in the region 8q12 near marker D8S1110. This study was performed on the same population that was included in our meta-analysis 19 and so does not represent independent replication of linkage to this region. 
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The nearest candidate gene to the 0-30 cM region on chromosome 8p is the LPL gene located on 8p22, which has shown a weak association to BMI (Po0.02 and P ¼ 0.05) and change in BMI, FM and %Fat (P ¼ 0.01-0.03) in three separate studies.
6 ADRB3 located on 8p12-p11.2 and CRH located on 8q13 are other possible candidate genes that have been implicated by other regions of linkage identified on chromosome 8. 19, 21, 30 The scope and limitations of the GSMA method and alternatives to it have been well explored. 9, 32 The method is at its most useful when there are many weakly linked loci seen across many studies. However, the main limitation in our analysis is not the method as such but the fact that we are limited to just five relatively heterogeneous studies. Although the statistically significant evidence of linkage is seen in bin 8.1, the high LOD scores seen in two studies for Meta-analysis of genome-wide BMI scans L Johnson et al the adjacent bin 8.2 (see Figure 2) would suggest a cautious interpretation of these results. It is conceivable that if a true susceptibility gene lies close to the boundary of two bins, the signal from each study maybe split across that boundary. 9 Further studies should concentrate on the evaluation of candidate genes located within at least the 60 cM section contained in the two bins. This GSMA of BMI has identified one region of significant linkage on chromosome 8p, which suggests that there may be a common susceptibility gene for BMI in the populations analysed. Obesity researchers should be encouraged to make available details of their genome scans for subsequent metaanalyses so that a more complete evaluation of reported linkages can be obtained. Meta-analysis of genome-wide BMI scans L Johnson et al
